Light excitation of a semiconductor, known to dynamically-polarize the nuclear spins by hyperfine contact interaction with the photoelectrons, also generates an intrinsic nuclear depolarization mechanism. This novel relaxation process arises from the modulation of the nuclear quadrupolar Hamiltonian by photoelectron trapping and recombination at nearby localized states. For nuclei near shallow donors, the usual diffusion radius is replaced by a smaller, quadrupolar, radius. If the light excitation conditions correspond to partial donor occupancy by photoelectrons, the nuclear field experienced by electrons trapped at shallow donors can be decreased by more than one order of magnitude. In a semiconductor, the possibility to enhance the nuclear polarization by the hyperfine contact interaction with spin-polarized electrons generated by circularly-polarized light excitation is of interest both for fundamental reasons and, among others, for applications to: i) quantum computing, 1 ii) transfer of nuclear magnetization to biological systems, as an alternative to adsorption of polarized xenon, 2,3 iii) understanding of the fractional quantum Hall effect. 4 Further potential applications of the optical increase of NMR sensitivity include extension to nuclei of single spin investigations using magnetic resonance force microscopy at surfaces.
I Introduction
In a semiconductor, the possibility to enhance the nuclear polarization by the hyperfine contact interaction with spin-polarized electrons generated by circularly-polarized light excitation is of interest both for fundamental reasons and, among others, for applications to: i) quantum computing, 1 ii) transfer of nuclear magnetization to biological systems, as an alternative to adsorption of polarized xenon, 2, 3 iii) understanding of the fractional quantum Hall effect. 4 Further potential applications of the optical increase of NMR sensitivity include extension to nuclei of single spin investigations using magnetic resonance force microscopy at surfaces. 5 After the demonstration of optical nuclear polarization in silicon, 6 a number of recent investigations of the optically-enhanced bulk nuclear magnetization have been undertaken using standard NMR in Si, 7 GaAs, [8] [9] [10] [11] [12] [13] InP, 14 CdTe. 15 Some of the results [11] [12] [13] were used to verify the predictions of a general theory for nuclear relaxation in solids according to which the presence of paramagnetic impurities, or localized centers, is crucial for relaxation of the nuclear spin system. [16] [17] [18] Nuclei close to the centers are relaxed by the hyperfine interaction with the spin-polarized photoelectrons trapped at these impurities, while the bulk nuclear spin system is relaxed by spin diffusion from the latter minority nuclei. A diffusion radius is defined corresponding to the distance from the impurity separating the two types of relaxation processes. 19 Optical detection of NMR, from the depolarization at resonance of the luminescence, was first reported for GaAlAs in 1974, 20 and subsequently applied to several III-V semiconductors, [21] [22] [23] [24] as well as 2D systems 8, 25 and quantum dots. 26, 27 For bulk materials, this technique was shown to only detect nuclei near the sites of electronic localization, which verifies the existence of a diffusion radius. 28 The ratio of the nuclear hyperfine field acting on 14/04/2008 magnitude. The corresponding effect in quantum dots and the resulting dependence of the nuclear field as a function of temperature and light excitation power will be discussed elsewhere. 37 II Light-induced quadrupolar nuclear relaxation time and nuclear polarization value
In the absence of a trapped photoelectron, the electric field experienced by nuclei near a shallow donor is given by 
where e is the electronic charge, ε is the static dielectric constant and r is the distance from the donor. Photoelectron trapping and recombination induces a modulation of the electric field (2) where the expression for , found using Gauss's theorem and the shape of the electronic wavefunction, is ) (r s induced by photoelectron trapping and recombination is very large. Unlike the usual quadrupolar relaxation, the corresponding relaxation process does not rely on phonons for modulation and can be relevant at low temperature. The present section is devoted to the calculation of the corresponding relaxation time and of the resulting decrease of the nuclear polarization.
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A Quadrupolar Hamiltonian
The nuclear spin Hamiltonian, given by H = Z + H IS + H SS + H Q , is the sum of the
Zeeman term Z, of the hyperfine Hamiltonian H IS , of the nuclear spin-spin interaction H SS and of the quadrupolar interaction H Q . The expressions for the first three terms can be found in
Ref. (29) . For a cubic semiconductor, the expression for the quadrupolar Hamiltonian is given in Appendix A for arbitrary magnetic field B and sample surface orientations. If the magnetic field is perpendicular to a (001) sample surface, which is the case of a wide majority of experimental situations, the quadrupolar Hamiltonian is simpler:
Taking the normal z to the surface as the quantization axis, the spin operators are given Zeeman spin levels separated by energies given by
where γ is the nuclear gyromagnetic ratio. It is convenient to write 38,39
where e is the electronic charge, Q is the quadrupolar moment of the bare nucleus of spin I.
The factor R 14 , which includes the electrostatic antishielding, is in the present frame of coordinates Oxyz the value of the only nonzero components of the third rank tensor relating the electric field gradient to the electric field. [33] [34] [35] [36] The quantity is the ratio of a magnetic to an electric field. It is calculated in Appendix A for different compounds and is given in Table I 
and Γ t is the fraction of the time during which the electron is present at the donor site. 
The latter result expresses the fact that the interaction is not modulated for s = 0 or = 0 or
The correlation time τ cQ for the quadrupolar interaction is the sum of two independent contributions c r cQ
where is the recombination time of the electron trapped at the donor and is the lifetime of the ionized donor due to capture of a free electron. Following a semi-classical treatment, the quadrupolar-induced evolution of the nuclear spin density matrix for the nuclear spin system, in the interaction representation and within the secular approximation, is given by 
Here, we assume that the existence of interactions between nuclei results in the establishment of a temperature among the nuclear spin system. With the latter hypothesis, justified in Sec. IIID, the nuclear spin density matrix is, in the high temperature limit, of the
where β = 1/k B T n , k B is the Boltzmann constant and T n is the temperature of the nuclear spin system. It is then found that the nuclear mean spin lies along the direction of the magnetic field independently on the relative magnitudes of Zeeman and quadrupolar interactions.
Since the latter operator commutes with the static Hamiltonian, the density matrix in the interaction representation is and also the first term of Eq. (12) vanishes. An equation for evolution of the inverse nuclear spin temperature β is obtained, after 
where we recall that the parallel and perpendicular components of the electric field, defined with respect to the normal z to the surface, are equal to E off cosθ and E off sinθ, respectively.
The quadrupolar relaxation rate is finally given by 
Its value is proportional to the square of the amplitude of the modulated electric field and further depends on the angle θ which defines the direction of the electric field.
C Steady-state nuclear mean spin
The rate equation for the evolution of the nuclear mean spin along z, neglecting the thermodynamic nuclear and electronic polarizations in the applied magnetic field as well as nuclear spin lattice relaxation processes other than the hyperfine and quadrupolar ones, is given by [16] [17] [18] 28 Here ∆ is the Laplacian operator and D is the diffusion constant. Throughout the present work, it will be considered that the duration of light excitation, although sufficient to polarize the nuclei close to the donor by spin-lattice relaxation, is too short to allow this polarization to be transferred to the bulk nuclei by spin diffusion. As shown in Sec. IIIC, in the latter case, spin diffusion only marginally modifies the results of the present section so that this term will not be considered here. The steady-state value of the nuclear mean spin under the sole effect of spinlattice relaxation is given by of an electronic and a nuclear spin, is given by
where B n is the nuclear hyperfine field acting on the electrons, which is added or subtracted to B depending on the sign of the electronic spin. The latter energy, which depends on the electronic gyromagnetic ratio γ e , is larger than Assuming that , , and are small with respect to unity, which sets an upper limit to the magnetic field value, the quantity f(r, θ) is finally given by
Note that, since the spatial dependence of the electric fields and does not appear explicitly, Eq. (19) and Eq. (25) are valid for any localized electronic state. For nuclei near a donor one has The implications of the latter equations are discussed in the following section. ).
However, as seen in Table I , the quantity b Q is smaller than for As 75 in GaAs. Using Table I and Eq. (34) and assuming that both σ c and σ e scale like the Bohr radius, so that their ratio is independent on material, we estimate that f 00 is equal to 9.4x10 -3 and 1.2x10 -2 for In 115 in InP and Sb 121 in GaSb respectively. This implies that the latter materials should also exhibit nuclear polarization losses of quadrupolar origin, although slightly smaller than for GaAs.
C Radial and angular dependences of the nuclear polarization: quadrupolar diffusion radius Shown in Fig. 1 are the radial dependences of p(r, 0) and p(r, 2 /
Close to the donor position, one has p(r, θ) =1, as the quadrupolar relaxation is inefficient because For calculation of the nuclear field experienced by trapped electrons, two approximations will be made. First, we shall use for simplicity the angular average of the nuclear polarization, defined as 
for which the radial dependence, also shown in 
where B n0 is the nuclear field value for a homogeneous nuclear polarization and s(r) is defined in Eq. (3). The latter approximation implies that the quadrupolar relaxation is inefficient for distances smaller than Q ρ and dominant for larger distances (f=0). Such approximation is usual in analyses of nuclear polarizations near shallow donors, [16] [17] [18] and results in defining a sphere around the donor inside which the nuclear polarization is not affected by the quadrupolar relaxation. The radius of this sphere, which will be called the quadrupolar radius, replaces the usual diffusion radius for the estimate of the nuclear hyperfine field. Shown in 
D Magnetic field effects
The present Subsection is devoted to the justification of three hypothesis made in Sec.
II B, for which the validity depends on the magnetic field value.
1) The zero magnetic field expression of the quadrupolar-induced decrease of nuclear magnetization has been used in Eq. (25) . 2) It has been assumed that the heat capacity of the Zeeman reservoir is larger than those of the quadrupolar and spin-spin ones. Such assumption is obviously not valid at very low magnetic field. The lower magnetic field limit is obtained by expressing the heat capacities of the various reservoirs using the following relation 
We conclude that the high field limit discussed in Sec. IIB is valid provided is found that such effect leads to a decrease by only 15%, so that quadrupolar interactions weakly affect the time T 2 of establishment of a nuclear spin temperature.
ii) Near a donor, flip flops between nearest neighbors may be prohibited because of the strong spatial dependence of the electric field so that for a given quantum number m. Since the effect of distinct quadrupolar shifts of states with distinct m values has been examined in i) above, we replace Eq. (42) by
, which states that, for a fixed m, the difference in quadrupolar shifts of neighboring nuclei is smaller than the Zeeman energy in the local field. The latter condition allows us to estimate the characteristic radius r Q of the zone outside which a spin temperature exists, using the following value of , obtained by second order perturbation 
The radius r Q is largest when the electric field is parallel to z, when Γ t <<1 so that For smaller magnetic fields, the evolution of the mean nuclear spin value > < I , calculated using Eq. (12) Here we summarize the results of the preceding subsections and obtain the value of the nuclear field B n , using Eq. (37) and further considering the various processes on which depends B n . The shallow acceptor concentration N A is assumed to be larger than the donor one so that the donor levels are unpopulated in the absence of light excitation. As shown in Appendix D, the donor occupancy factor t Γ , on which depends the quadrupolar radius ρ Q , is related to the excitation power density P by
where
Here ν h is the photon energy (assumed to be above bandgap) and L is the electron diffusion length. The quantity is the coefficient for bimolecular electron-hole recombination. k Shown in Fig. 3 The effective nuclear field, measured experimentally from its effect on the electronic polarization, is further modified by the efficient spin exchange processes between free and trapped electrons considered in Sec. IIIA and is equal to the average of the nuclear fields experienced by the two electronic species. Such effect does not modify the quadrupolar radius, but only the multiplicative factor B n0 defined by Eq. (37). Assuming, as performed throughout the present work, that the bulk nuclei are weakly-polarized, the nuclear field experienced by free electrons is very small so that B no is proportional to
where the concentration of free electrons is given by Eq. (D6). One has finally
where does not depend on light power and doping. Since the common mean spin of free and trapped electrons can be measured from the luminescence polarization, the
is the reduced nuclear field for which we now consider the power dependence. 
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For P< P 0 , the dominant mechanism for nuclear field reduction is the light-induced quadrupolar relaxation. The nuclear field reduction due to spin exchange becomes significant for P> P 0 since n f increases while Γ t is nearly constant and induces an overall decrease of the nuclear field with light excitation power. 48 The effect of a change of doping of the quadrupolar-induced reduction of nuclear field is limited to the sole variation of the quantity P 0 . As a result, an increase of acceptor and donor doping levels simply shifts Curve b of Fig. 3 We now discuss the possibility of experimental demonstration of the light-induced quadrupolar relaxation. In order to separate the contribution to the nuclear field value of the light-induced quadrupolar relaxation from that of spin exchange with free electrons, it is crucial to analyze the dependence of the nuclear field as a function of light excitation and donor concentration. However, among the experimental works which have estimated the leakage factor f, 22, 23, 29 none of them has performed the latter analysis, so that experimental proof of the present mechanism is lacking. Such analysis is beyond the scope of the present paper and will be published elsewhere for the case of quantum dots. 37 
IV Conclusion
We now summarize the main results of the present work:
a) The effect of the light-induced quadrupolar relaxation is evaluated assuming that there exists a temperature among the nuclear spin system. The latter hypothesis implies that the external magnetic field is sufficiently large to decrease the difference between the quadrupolar shifts of neighboring nuclei so that flip flops are allowed. In the latter case, the time evolution of the nuclear spin temperature is found to be exponential, so that a relaxation time can be defined. The latter time , within numerical factors, depends on the product of the square of the modulation amplitude and of the correlation time of the modulation.
Comparison of with the relaxation time due to the hyperfine contact interaction gives the expression for the nuclear polarization as a function of the distance to the donor under the combined effects of quadrupolar and hyperfine relaxations. 
. 2 direction on the quadrupolar splitting of the NMR line was studied. 33 Here, we take the more 
is the conditional probability that Although tractable, such calculation leads to intricate results. We assume here, for simplicity and for illustration purposes, that the kinetics of generation and recombination of acceptor levels and of valence holes are similar. Such assumption is reasonable because donor-acceptor recombination, which is specific to holes trapped at shallow acceptors, is known to be less efficient than band to band or exciton recombination. 50 As a result, we consider only one hole specie, for which the total concentration p is the sum of those of valence holes and of neutral acceptors. In steady-state, the rate equations for the concentrations n f of free electrons and Γ t N D of electrons trapped at donors are, respectively 
The excitation power density P corresponding to a given value of g is given by
where L is the electron diffusion length and υ h is the photon energy. The latter equation
assumes that the diffusion length is larger than optical absorption length, and that the surface recombination velocity is negligible. Eq. (46) 
